Industrial robots require a high path accuracy for demanding continuous path-control tasks. In this publication we will present a new method which improves the path accuracy of industrial robots according to ISO 9283. This dynamic calibration is realized by means of a model based precontrol and corrects on-line the desired joint positions. For the identi cation of the model parameters of the precontrol the robot's path deviations are directly measured o -line at the end e ector with an inertial measurement system. The experimental results presented here prove the e ciency of this dynamic calibration procedure.
Introduction
Control tasks for six degree-of-freedom robots in which t h e end e ector has to follow a n y kind of trajectory as fast and precisely as possible require high standards of path accuracy. This is particularly true when o -line programming methods are applied. This has led to much research a n d development work aimed at a robot measurement with external measurement systems 1, 2, 3 and an accuracy improvement of the industrial robots 4, 5 , 6 . In this context most of the principles and procedures known aspire to improve s t a t i c parameters according to ISO 9283 7 , such as for example pose accuracy or pose repeatability. With increasing speed the robot behaviour is determined by time dependent i n teraction between inertial, centrifugal, gravitational as well as Coriolis forces and torques on the one hand and forces and torques working at the driving end on the other hand. These and other conditions elasticity, j o i n t b a c klash must be taken into account b y means of dynamic calibration. In this context some methodshave been proposed in which the robot internal sensors are used for measuring 8, 9 . Therefore not all the causes for path deviation are taken into account.
In this publication a new method for dynamic robot calibration is presented that is based on the dynamic measuring of the end e ector pose with an external inertial measurement system. The calibration is based on rstly modelling the error-causing conditions in analogy with the static robot calibration and then identifying the parameters of the precontrol by means of the path errors measured o -line and nally, with this in mind, performing the on-line correction of the desired values aiming to improve accuracy.
Measuring of the robot's errors
If dynamic robot errors, such as path deviation, are measured with the robot's internal sensors, not all relevant parameters can be recorded. For instance, the robot's internal sensors often measure the joint angle position on the driving end which is then used to calculate the joint angles by means of the drives transmission ratio consequently gear errors cannot be recorded by the robot's internal sensors. That is why in this calibration procedure the robot's poses are measured with an inertial measurement system mounted to the end e ector. This procedure makes it possible to record all sources of errors in the kinematic chain.
The inertial measurement system consists of three servo accelerometers and three ring laser gyros 3 . The principle of the inertial measurement system is shown in Fig. 1 . After the measured data acceleration and rotation rate have undergone a error correction and the earth's rate and the earth gravitation have b e e n subtracted, translation and rotation of this measurement system are given in an earth-xed reference coordinate system W. However, as the robot's joint values are required for the parameter identi cation in the joint space the recorded values have t o b e converted to the robot's base coordinates R. For this, the relations of the di erent coordinate systems, presented by R T W and S T H , have t o be identi ed in a wrist sensor calibration procedure that has been de- Another parameter described in ISO 9283 is the path accuracy. It indicates the deviation of robot end e ector from the desired path while following a given contour. This characteristic is important e.g. for laser manufacturing operations in the eld of welding and cutting of three-dimensional plate products. In the automobile industry the requirements for contour accuracy of plate products lie below one millimetre at a manufacturing velocity o f s e v eral metres per minute. Such high requirements for accuracy can bewell met with gantry robots whereas industrial robots with rotatory joints can show path deviations of several millimetres already at lower velocities. There are two reasons why this dynamic parameter according to ISO 9283 was not regarded as very important in the past. On the one hand there were no measuring systems available that could measure a robot path in a dynamic and practical way. On the other hand for the most tasks the path accuracy of the robot was of minor importance compared to the static pose accuracy. As the path accuracy of industrial robots is continuously increasing in importance in modern applications, and as in the meantime there are suitable measuring systems for the determination of the path deviation, the dynamic parameters of a robot become more and more important.
The most important causes for path deviations of industrial robots are listed in Table 1 The robot dynamics can be modelled by the di erential equation 1. This dynamic model describes the forces and torques which act on the single joints and which are determined by the position, the velocity and the acceleration of the axes as well as by the forces and torques acting on the end e ector. The dynamic model is the basis of a controller design. Thus, the path accuracy depends on the quality of the model description, the parameter identi cation and the joint controller based on this. In this description of the dynamic behaviour the robot is assumed to be a rigid multi-body system with ideal joints without backlash. In a rst approximation this is allowed because of the high transmission ratio of the gears used in robot axis, but at high path velocities or when drive backlash occurs, this leads to errors. Also the simpli ed structure of the joint controllers often used in industrial robots contributes to a reduction in path accuracy.
Principle of the dynamic robot calibration
The path deviation of a robot is the addition of the absolute pose deviation that does not depend on the velocity of the procedure and of the in uences originated by dynamics see Table 1 . For this reason also a static robot calibration contributes to an improvement o f path accuracy, but not to the same extent as a dynamic calibration that improves the robot's dynamic behaviour. The procedure for the implementation of a dynamic robot calibration includes the following steps in analogy to the static robot calibration:
1. modelling, 2. measuring of the robot's errors and identi cation of the parameters, 3. error compensation, and 4. veri cation. Fig. 3 provides an overview of the principle of the developed dynamic calibration procedure. For the improvement of the dynamic behaviour a component "error compensation" is added to the industrial robot this component estimates the expected error of the joint angle q and transfers it to the robot control as an o set for the desired joint v alue. Today m a n y m a n ufacturers of robots o er an interface in the control unit that enables the correction of the desired values. The parameters of the model-based error compensation are identi ed through an external measurement with an inertial measurement system that has to be performed only once at the time of the calibration procedure.
Model of the robot errors
The model for the estimation of the joint angle errors from the desired joint angle values provided by the robot control has to describe linear as well as nonlinear e ects and should be valid for the whole of the robot's working envelope. A complete physical description of the robot dynamics is too complex for an error compensation to be performed on-line. The motion behaviour is not only determined by elasticities and cross couplings but also by the structure of the unknown joint controller. Furthermore the error compensation must ful l real-time requirements.
For this reason, the joint angle errors are described separately in simple, linear and nonlinear models whose parameters depend on input variables such as joint position, payload, velocity, e t c . The experimental research conducted so far has shown that considering payload and joint angle velocity brings advantages as far as improvement in precision is concerned. Also if the robot operates at the edge of its working envelope, the values of the identi ed parameters change. In the model of error compensation the marginal conditions are taken into consideration through the parameters a and b that depend on the operating points. For this purpose the parameters are stored in a multidimensional table that is addressed depending on the operating point. In the next example of a reduced parameter table the assumption is made that the model parameters depend on the joint angle velocity _ q and on the payload m. When indicating the parameters the operating point is marked with two superior indices. Thus, for the determination of the model parameters results Table 2 which i s addressed through the joint angle velocity and the payload applied to the end e ector.
The procedure can be extended to several dimensions in order to take a l s o i n to account in uence factors such a s 
Experimental results
For verifying the dynamic robot calibration a discrete model has been installed for the main joints of the industrial robot under test see equation 2. The optimal order of the model was n = 32 for the sample time of 2 ms which corresponds to one cycle of the attitude control of the robot joint c o n trollers. The identi cation of the parameters has been carried out with a linear estimating technique on the basis of the joint angles measured with the inertial measurement system. For the measurement the single robot joints were moved at the highest possible acceleration.
The path programmed for the test was a straight l i n e a t the outer limits of the working envelope. It was followed by the robot in both directions with a maximal path velocity o f v = 0 :4 m s and a payload of 5 kg corresponding to 1 3 of the nominal payload . The end e ector should with continuous orientation follow the desired path with an extension of s = 800 mm in negative y-direction and then after a pause of 1 s come back to the starting point following the same line. First the not calibrated robot and then the calibrated one moved along this path under the same conditions. Fig. 5 shows a three-dimensional view of the desired path of the robot end e ector and of the actual paths measured with the inertial measurement system and performed by the calibrated and by the not calibrated robot. For a better evaluation of the path accuracy, the path deviation calculated according to ISO 9283 on the basis of the perpendicular dropped from the actual path to the desired path is shown in Fig. 6 . The maximal path devi- The remaining path errors of the calibrated robot are due to the following reasons that will be taken into account in future:
Joint 2 of the robot under test shows a drive backlash and an error that depends on the direction of the movement. The paths measured for the identi cation of the parameters di er in the boundary conditions from the path tested here especially as joint angle velocity a n d joint position are concerned.
Summary and discussion
With this dynamic calibration procedure an improvement of the path accuracy of industrial robots, which gains more and more importance, up to 85 can be achieved. The procedure has been developed to be relatively independent from the type of robot to be calibrated. The method is applicable without knowledge of the structure of the joint controller or of the mass moments of inertia. Only the robot's geometry must be given and the robot needs to have a n i n terface that allows the manipulation of the desired joint v alues.
